. However, in particular, implementations based on condensed-matter systems face the challenge of short coherence times. Carbon materials 2, 3 , particularly diamond [4] [5] [6] , however, are suitable for hosting robust solid-state quantum registers, owing to their spin-free lattice and weak spin-orbit coupling. Here we show that quantum logic elements can be realized by exploring long-range magnetic dipolar coupling between individually addressable single electron spins associated with separate colour centres in diamond. The strong distance dependence of this coupling was used to characterize the separation of single qubits (98±3 Å) with an accuracy close to the value of the crystal-lattice spacing. Our demonstration of coherent control over both electron spins, conditional dynamics, selective readout as well as switchable interaction should open the way towards a viable room-temperature solid-state quantum register. As both electron spins are optically addressable, this solid-state quantum device operating at ambient conditions provides a degree of control that is at present available only for a few systems at low temperature.
The system used in this study is a pair of single electron spins associated with separate nitrogen-vacancy defects in diamond. A single defect consists of a substitutional nitrogen atom in the diamond lattice and an adjacent vacancy (Fig. 1a,b) . The electron spin triplet ground state of the defect shows a spin-dependent fluorescence emission enabling measurements of the spin state of single dopants using highly sensitive fluorescence microscopy techniques 10, 14 . Recent experiments showing that nitrogen-vacancy defects can be coupled to spins of substitutional nitrogen have highlighted avenues for extending the scalability potential of the diamond quantum register 6, [19] [20] [21] . In general, magnetic dipolar coupling can be used as a mechanism enabling the generation of entanglement in cases where coupling prevails over decoherence. The spin Hamiltonian describing the dipole-dipole interaction between two coupled spins is 
where µ 0 is the magnetic permeability, g is the electronic g factor, µ B is the Bohr magneton, r is the distance between spins and r is the unit vector connecting them. The last term defines the angular dependence of coupling between nitrogen-vacancy defects, and the prefactor is about 70 kHz for r = 10 nm (these values are relevant to the experiments presented in this letter). Such a distance between two colour centres enables their individual addressing using modern nonlinear microscopy techniques such as stimulated emission depletion microscopy 22 (STED) . At the same time, coupling within a few tens of kilohertz range might seem to be too weak to be detectable owing to decoherence, which is always present in solids. However, in diamond material with a reduced concentration of paramagnetic 13 C spins, coherence times can reach milliseconds at room temperature 4 . This letter presents the first step towards the realization of an optically addressable quantum register by demonstrating coherent coupling between two single nitrogen-vacancy defects engineered in such an ultrapure crystal.
Colour centre pairs were created by implanting patterns of high-energy nitrogen ions within small spots into synthetic isotopically enriched 12 C diamond. Figure 1c shows a pattern of implanted defects having two defects per spot on average. The implantation sites were investigated by measuring the fluorescence autocorrelation function g 2 (τ ) and ground-state depletion microscopy 22 , selecting a pair of colour centres with a distance of less than 30 nm. As individual addressing by STED exceeds our present experimental capabilities, fluorescence lifetime imaging (FLIM) analysis was used to resolve the two defects optically. In this approach, we use a contrast mechanism based on different decay rates of the excited-state spin sublevels 23 , enabling us to unravel the individual point-spread functions corresponding to the emission of the two colour centres. Note that FLIM is used here solely as a tool to determine the lateral distance of potential pairs of nitrogen-vacancy centres by purely optical means. It lacks the potential to interrogate one nitrogen-vacancy without touching the other as STED could do. Figure 1d shows the image of two resolved defects with the lateral distance of 8±3 nm. At such short distances, the dipolar interaction between these two electron spins is expected to be observable in the magnetic resonance spectral response of the spins as shown below.
The electron spin transition frequencies of the colour centres are different when their symmetry axes have a different orientation with respect to the magnetic field as in the present case. This enables their individual addressing for a magnetic field of ≈43 G applied parallel to one nitrogen-vacancy (Fig. 2a) .The electron spin resonance spectrum can be described by the effective groundstate spin Hamiltonian (2), explicitly given in equation (1), describes the magnetic coupling between spins.
The most appropriate way to detect the static magnetic dipolar interaction is through spin-selective Ramsey experiments. To this end, one of the two electron spins (spin A) is brought into a coherent superposition of its two eigenstates (|0 A + |1 A )/ √ 2. This superposition acts as a sensitive magnetometer enabling us to resolve the magnetic field created by the second distant spin (spin B) with ω A control experiment with a detuned driving field for spin B is also shown (grey line). Note that in the detuned case, nitrogen-vacancy B is not flipped and thus the fluorescence intensity is higher. The vertical axis shows the relative fluorescence contrast normalized to the amplitude of a full Rabi oscillation of one nitrogen-vacancy centre. The zero value corresponds to one nitrogen-vacancy spin flipped to | ± 1 but not the other one (|0 ). This scaling is used for all pulsed measurements. b, Fast quantum gate operation using double quantum transition of spin B (red line, (78.4 ± 0.4 kHz)) and both spins (grey line, 160 ± 2 kHz). c, Reconstruction of two-qubit register geometry. Relative position of one spin with respect to the other positioned at the origin of coordinate system (upper part). The red area, which includes six possible lattice locations of the second spin, is defined on the basis of spin resonance measurements. A detailed view of the uncertainty area is shown in the lower part. Lattice sites are shown as grey spheres. The lattice locations inside the red area being identified as possible sites for the second nitrogen-vacancy are shown as bigger black spheres.
fringes (Fig. 2b) , three different lines of spin A are visible that are related to three different eigenstates of spin B|0,±1 B , which we deliberately prepared by transition-selective microwave pulses. This is the first proof of magnetic dipolar coupling of the two spins. Besides showing coupling among qubits and their control, the initialization of the quantum register is of prime importance. As the relative intensity of coupling-induced lines is related to the accuracy by which either of the two spins is brought into a specific starting state, an estimation of the degree of efficiency of the initialization process can be made. By analysing the individual lines in Fig. 2b in terms of contribution from the different |0,±1 B states, we estimate that with a probability of 88 ± 4%, spin B is initialized into its |0 state (higher than the previously reported value for ensembles 24 ). Note that our result is just a lower bound because it contains errors, for example, from imperfect π pulses and misaligned magnetic fields, which lower the estimated value.
To determine the interaction of the two spins more accurately than the Ramsey fringe results from above and hence resolve their relative position in the lattice with great accuracy, it is best to use echo-based techniques that exploit the long phase-memory time T 2 . Given the capability to separately address the two electron spins, a prominent way to measure the interaction between electron spins is based on a state-dependent phase-shift method similar to double electron-electron spin resonance used in electron spin resonance spectroscopy. In such a pulse sequence, a two-pulse echo measurement is carried out on spin A, whereas spin B is flipped. The pulse sequence is designed so that all components of the B field acting on spin A, which are static during the pulse spacing time τ , are refocused except the field originating from flipped spin B. The associated phase is ϕ = γ · δB · T , where δB is the change in magnetic field at spin A induced by spin B and γ is the gyromagnetic ratio. Hence, coupling causes a modulation of the signal as a function of time instant T when the spin B is flipped (Fig. 3a) .
This technique can be used for precise characterization of the relative position of the two spins. The result is shown in Fig. 3c , where we have placed the first spin at the origin of the coordinates system (0|0|0) (red dot), and the x-y plane is parallel to the diamond surface. The location of the second spin is measured to be within the red ellipsoidal region (Fig. 3c, upper part) , the size of which is defined by the experimental accuracy. Only six possible lattice positions fall within this area (Fig. 3c, lower part) . The two qubits are measured to have a distance of r = 9.8 ± 0.3 nm and a lateral separation with respect to the diamond surface of 8.8 ± 0.3 nm, which is in good agreement with the optical image analysis. Note that we have used the point-dipole approximation for calculation of spin-spin interaction. It has been shown that ≈90% of the electron spin density is located at the vacancy and its nearest-neighbour few-ångstrom-separated carbon atoms, which justifies the approximation. Our experiments show that two qubits can be addressed and read out separately using transition-selective microwave fields. Moreover spin A and B can be coherently controlled. A final element necessary to complete the toolbox of quantum operations in our register is conditional spin dynamics among spin A and B. The spin flip executed on spin A in the experiment presented in Fig. 3a is transition dependent; therefore, the magnitude of the echo signal of spin A depends on the state of spin B.
The fidelity of such a conditional spin flip is maximized after ϕ = π. Experimentally the observed fidelity is limited by the coupling strength of the two spins (≈40 kHz) and the phasememory time of spin A (110 µs). Moreover, because the nitrogenvacancy centre has spin S = 1 (not 1/2), double quantum transition (| m l | B = 2) between the two states with extreme magnetic quantum numbers (here: | ± 1 ) can be used for detecting the coupling. If spin B is in state |−1 B initially and then is excited to | + 1 B the magnetic-field change δB felt by nitrogen-vacancy A is doubled as compared with | m I | B = 1. According to ϕ = γ · δB · T , a doubled oscillation frequency is expected. Multiple quantum transitions were driven by composite microwave pulses. Furthermore, when in addition the echo measurement is carried out on the double quantum transition |−1 A ↔ |+1 A (| m I | A = 2), a four times faster oscillation occurs (Fig. 3b) because the phase difference between these states is twice as sensitive for magnetic fields (and noise), as in the case of single quantum transitions.
Coherent coupling between spins is an important requirement for the creation of non-classical correlation in a two-qubit quantum register. The quantum circuit of this operation (Fig. 4a) uses controlled single qubits' operations realized by Hadamard gates and a two-qubit phase-shift gate. The observed signal oscillates between a maximum value corresponding to the quantum state (i|0,−1 − |0,0 )/ √ 2 at τ = (0,2,4,...)π/(γ · δB) and a minimum value for the entangled state |Φ at τ = (1,3,5,...)π/(γ · δB) when the evolution period τ is varied (Fig. 4b) . If the starting state is |−1,0 , the oscillation is between states (i|−1,−1 − |−1,0 )/ √ 2 and (|−1,0 +i|0,−1 )/ √ 2, the latter one being the entangled state |Ψ . It is important to mention that the state preparation described above is computed for the ideal case (without taking into account decoherence). In our experiments, owing to the surprisingly short T 2 of nitrogen-vacancy B (2 µs), a random phase φ is acquired during state evolution. This fast decoherence of one of the spin qubits exceeds the coupling strength between the spins by an order of magnitude and limits the generation of entanglement. In fact, our results do show an entanglement fidelity, which is below 0.4. Different methods have been tested to lengthen T 2 of spin B such as decoupling of residual non-aggregated nitrogen atoms by dynamical decoupling sequences. However, none of them yielded the desired effect. From this we conclude that the short T 2 of spin B is not caused by a local 'spin bath' but rather is related to a yet unknown structural defect. Whereas values for T 2 in excess of 2 ms have been recorded for single nitrogenvacancy centres in isotopically enriched chemical-vapour-deposited diamond, the reduced values reported here for centres created using high-energy implants (see the Methods section) thus motivate further materials science research for detailed understanding and optimization of diamond-lattice dynamics in the presence of two closely spaced colour centres.
The results presented in this letter show a significant step towards the realization of a scalable room-temperature solid-state quantum information processing device. By artificially creating nitrogen-vacancy colour centres in ultrapure and isotopically engineered chemical-vapour-deposited grown diamond, we observe coupling of two single optically addressable qubits. Entanglement purification protocols 25 using carbon nuclear spins as auxiliary 'storage' qubits can be explored for achieving high entanglement fidelities. Advanced single-atom fabrication technologies might further improve the engineering accuracy of the quantum register 26 . Most notably the coupling occurred over such long distances that state-of-the-art ultrahigh-resolution optical microscopy will enable the spins to be addressed separately. This will result in a highly versatile room-temperature quantum device.
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Methods
The diamond sample is an ultrapure type IIa synthetic crystal produced by microwave plasma-assisted chemical vapour deposition. The concentration of 12 C has been increased to 99.99% by using isotopically enriched methane in the growth process. Nitrogen-vacancy centres have been created by implantation of 14 N ions with an energy of 18 MeV and subsequent annealing at 800 • C for 2 h. For this high implantation energy, the nitrogen to nitrogen-vacancy conversion efficiency is better than previously reported owing to a larger number of vacancies created (average nitrogen-vacancy creation efficiency 21%). To increase the probability to create pairs of nitrogen-vacancy centres at small separations, several arrays of implantation sites with varying numbers of ions per spot have been created.
Nitrogen-vacancy centre pair candidates were detected by a home-built confocal microscope able to record optically detected magnetic resonance and the second-order correlation function. An adjustable electromagnet supplied a field of 30-80 G in most experiments. Owing to the close proximity of the nitrogen-vacancy pair, the laser always excites both centres and their combined fluorescence response is collected in optically detected magnetic resonance experiments. High-resolution images were obtained by structured illumination microscopy and FLIM techniques to ensure that the distance of the nitrogen-vacancy centres allows for observation of magnetic dipole-dipole coupling. In the case of FLIM, a magnetic field of ≈700 G was applied parallel to nitrogen-vacancy A's symmetry axis. All measurements have been carried out at room temperature.
Determining the relative position of two separate spins relies on the change of their coupling strength depending on the orientation of their quantization axes (equation (1)). These axes are changed by rotating the magnetic field. Eventually, recording the coupling frequencies for various magnetic-field settings by the echo-based techniques shown enables determination of the appropriate relative position of the two centres. See Supplementary Information for further information.
